ATP-dependent para-aminohippurate transport by the apical by a high transport capacity and by a broad substrate multidrug resistance protein MRP2.
lateral PAH/2-oxoglutarate antiporter cloned recently
Results. Transport rates at 10 mol/L PAH were 21.9 Ϯ 1.9 and 1.6 Ϯ 0.4 pmol ϫ mg protein Ϫ1 ϫ min Ϫ1 (means Ϯ SEM, [4] [5] [6] [7] [8] . For the second step, the exit of PAH across the tubular lumen as a carrier-mediated uphill process [11, 12] .
Conclusions. PAH is a good substrate for the ATP-depenCross-inhibition experiments suggested that in moving dent export pump MRP2. The localization and function of from cell to tubular lumen fluorescein, carboxyfluores-MRP2 indicate that this unidirectional transport protein contributes to the secretion of PAH and other amphiphilic anions cein diacetate, probenecid, PAH, and bimane conjugates into the lumen of kidney proximal tubules.
all compete for a common transporter [11, 12] . Recently, MRP2, the multidrug resistance protein isoform characterized by its apical localization in polarized In the kidney, active transport predominates in the cells such as hepatocytes [13] [14] [15] [16] , has been identified in proximal tubules, and separate transport systems exist rat [17] and human [18] kidney, and localized to the for the secretion of organic anions and cations into the apical membrane of proximal tubule epithelia. In earlier tubular lumen [1] [2] [3] . Uptake across the basolateral meminvestigations, MRP2 was designated as the canalicular brane is followed by active transport across the apical (or multidrug resistance protein [14] or as the canalicular luminal) membrane. Both processes are characterized multispecific organic anion transporter of hepatocytes [15] . MRP2 and the human multidrug resistance protein MRP1 [19] are presently the best characterized members which comprises the glutathione S-conjugate leukotriene (Eggenstein, Germany). Culture media and supplements were from Sigma-Aldrich Chemie (Deisenhofen, Ger-C 4 (LTC 4 ) and many endogenous and xenobiotic lipophilic compounds conjugated to glutathione, glucuronate, many). or sulfate [22] [23] [24] [25] [26] [27] [28] . Cells Of special interest for the overall handling of xenobiotics by the kidney in the intact organism is the interaction Human embryonic kidney (HEK293) cells permanently expressing high levels of MRP2 (HEK-MRP2) were genof the different transporters during secretion and reabsorption. The resulting intracellular concentrations of the erated in our laboratory using the cDNA encoding human MRP2, as defined by the EMBL/GenBank accesxenobiotics play a pivotal role for their potential nephrotoxicity. Contamination of cereals and grains with Aspersion X96395 [28] . Control HEK293 cells were transfected with the parental pcDNA3.1 vector (HEK-Co). All HEK gillus and Penicillium fungi may lead to formation of the mycotoxin ochratoxin A (OTA) [29] , which has been cells were cultured in minimum essential medium (MEM) containing 10% fetal calf serum (FCS) supplemented associated with the induction of Balkan nephropathy in humans and porcine nephropathy, as well as carcinogenwith l-glutamine (2 mmol/L), penicillin (100 U/mL), and streptomycin (100 g/mL, 0.17 mmol/L). All cell lines esis [reviewed in 30] . The proximal tubule of the kidney is a primary site targeted in OTA-induced nephrotoxicwere kept in a humidified incubator (5% CO 2 , 37ЊC). HeLa T5 cells transfected with a vector containing the ity, and OTA was shown to interact with PAH and organic anion transporters both in the basolateral and the MRP1-coding sequence and control HeLa C1 cells transfected with the pRc/CMV vector [33] were kindly probrush border membrane [31] . Moreover, acute OTA exposure impairs postproximal nephron function [30] .
vided by Drs. R.G. Deeley and S.P.C. Cole (Cancer Research Laboratories, Queen's University, Kingston, For the apical secretion of amphiphilic anions, including PAH and OTA, into the lumen of proximal tubules, Ontario, Canada). HeLa cell lines were grown in RPMI medium with 10% FCS under the selection pressure of MRP2 is a suitable candidate transporter because of its localization in the luminal membrane [17, 18] and be-G418 (Geneticin). cause of its broad substrate specificity [26] [27] [28] . However, Membrane vesicle preparation direct information on the role of MRP2 in the renal excretion of these xenobiotics has been lacking. Therefore, we Plasma membrane vesicles from HEK-MRP2, HEK-Co, HeLa T5, and HeLa C1 cells were prepared from hypoused in the present study isolated membrane vesicles from HEK cells expressing recombinant human MRP2 for ditonically lyzed cells as described previously [22, 23, 26, 28] . In the case of HEK cell lines, butyrate (final concentrarect measurements of ATP-dependent transport of PAH and OTA. For comparison, transport mediated by the tion 5 or 10 mmol/L) was added to the culture medium 24 hours before membrane preparation to enhance MRP2 basolateral transporter MRP1 was determined. Potent inhibitors and substrates of ATP-dependent MRP-mediated expression [28] . Membrane vesicles were frozen and stored in liquid nitrogen until use. transport, such as the anionic quinoline derivative MK571, cyclosporine A (CsA), and LTC 4 [14, 22, 23] , served to Vesicle transport measurements characterize this transport process in further detail. Our studies demonstrate that MRP2 can function as a luminal Adenosine 5Ј-triphosphate-dependent transport of [ 3 H]PAH or of the fluorescent OTA was measured by PAH transporter in kidney proximal tubules and thus mediate, at least in part, the step in PAH transport identicentrifugation of the vesicles through a gel matrix using NICK-spin columns [26] . 
HCl (pH 7.4) and centrifuged at 400 ϫ g for four minutes at 4ЊC immediately before use. Aliquots (15 or 20 L) noic acid was from Cayman Chemical (Ann Arbor, MI, USA). LTC 4 was purchased from Reatec GmbH (Weitof the incubations were taken at the indicated time points and immediately loaded onto Sephadex G-50 columns. erstadt, Germany). NICK-spin columns and Sephadex G50 fine were from Pharmacia Biotech (Freiburg, Ger-
The columns were rinsed with 180 L of incubation buffer and centrifuged at 400 ϫ g for four minutes at many). G418 (Geneticin) was from Life Technologies (Fig. 1A) . For comparison, concentration range from 50 to 1600 mol/L.
corresponding assays were performed with membrane The effluents of the incubations with the fluorescent vesicles from HeLa T5 cells expressing recombinant OTA were collected into vials containing 20 L of solubi-MRP1 (Fig. 1C) . The ATP-dependent transport rates lization buffer (1% Triton X-100 in Tris/HCl, pH 7.4; (Fig. 1 B, D) demonstrate that [ 3 H]PAH is transported final concentration 0.1% Triton X-100) to release the by MRP2 (Fig. 1C) , as well as by MRP1 (Fig. 1D) . In The respective rates for ATP transport were 21.9 Ϯ 1.9, cence spectrophotometer; Shimadzu, Duisburg, Ger-1.6 Ϯ 0.4, 17.4 Ϯ 1.9, and 7.9 Ϯ 1.8 pmol ϫ mg protein Ϫ1 ϫ many) at an excitation wavelength of 375 nm and an min Ϫ1 (means Ϯ SEM, N ϭ 10) for HEK-MRP2, HEK-Co, emission wavelength of 440 nm [35] at a gain setting of HeLa T5, and HeLa C1 membrane vesicles, respectively. 50 and an averaging time of one second. A calibration Similar transport assays were performed at 10 mol/L curve (0 to 0.5 nmol/L OTA) was prepared in triplicate [ 3 H]PAH with membrane vesicle suspensions from MRP2 to calculate the amount of OTA transported into the (Fig. 2) as well as from MRP1 transfectants in order to study the effect of medium osmolarity. Transport rates HEK-MRP2 membrane vesicles. The nephrotoxic mycotoxin OTA was tested as a pos- (Fig. 3) (Fig. 4) . CsA inhibited MRP1-mediated transport with DISCUSSION an IC 50 value of 3.3 mol/L, whereas the IC 50 value for MRP2 was above 10 mol/L, in a concentration range
Our results indicate that MRP2, the multidrug resistance protein isoform localized to the apical membrane in which CsA solubility becomes limiting. of polarized cells, is part of the PAH transport systems in proximal tubule epithelia of the kidney. Measurements of ATP-dependent transport into membrane vesicles from HEK cells expressing recombinant MRP2 [28] demonstrate that PAH is a good substrate for this apical export pump (Figs. 1 and 3) . The V max /K m ratio for PAH as a substrate for MRP2 was 2.6 L ϫ mg Ϫ1 ϫ min Ϫ1 (Fig. 3) , as compared with 20 and 351 L ϫ mg Ϫ1 ϫ min
Ϫ1
for the prototypic substrates 17␤-glucuronosyl estradiol and LTC 4 , respectively [28] . In addition, PAH was transported by recombinant human MRP1 (Figs. 1 and 3 ). This is in line with the observations indicating that MRP2 and MRP1 have a similar substrate specificity [26, 28] . PAH transport was inhibited by similar concentrations of LTC 4 and of the LTD 4 analogue MK571, as well as by CsA, which is a known inhibitor for several ATP-dependent export pumps [36] (Fig. 4) . CsA and LTC 4 were also shown to inhibit organic anion secretion into the lumen of intact kidney proximal tubules, suggesting the presence of an MRP2-like apical transporter [12, 37] . Although additional MRP isoforms (for example, MRP3-6) have been identified recently [38] , MRP2 is the only isoform detected in the apical membrane domain of polarized cells [27, 28, 39] . No information is currently MRP isoforms other than MRP2 in proximal tubules cassette transporter localized to the proximal tubule apical membrane. MDR1 P-glycoprotein markedly differs in its function and amino acid sequence from MRP1 and MRP2 [16, 19] . MDR1 P-glycoprotein functions in the ATP-dependent export of a broad spectrum of lipophilic, mostly cationic, substances [41, 42] , whereas MRP2 and MRP1 mediate the transport of amphiphilic anions such as leukotriene LTC 4 and several other endogenously formed glutathione, glucuronate, and sulfate conjugates [22] [23] [24] [25] [26] [27] [28] . Moreover, MRP1 and MRP2 also transport certain unconjugated compounds, such as the amphiphilic penta-anion Fluo-3 [34] and, as shown in this study, the amphiphilic anions PAH and OTA (Figs. 1 and 6 ).
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